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SUMMARY 
 Laser powder bed fusion (LPBF) additive manufacturing (AM) offers a variety of 
advantages over traditional manufacturing, but the usefulness of AM for manufacturing of 
high-performance components is currently hampered by internal defects (porosity) created 
during the LPBF process that have an unknown impact on global mechanical performance. 
By inducing porosity distributions through variations in print energy density and inspecting 
the resulting tensile samples using computed tomography and scanning electron 
microscopy, nearly 50,000 pores across 75 samples were identified. Porosity 
characteristics were quantitatively extracted from inspection data and compared with 
mechanical properties to understand the strength of relationships between porosity and 
global tensile performance. Useful porosity characteristics were identified for reliable 
prediction of part performance. These results establish an understanding of the complex 
defect-performance relationship in AM 316L stainless steel and can be leveraged to 
develop certification standards and improve confidence in part quality and reliability for 






Additive manufacturing (AM), the layer-by-layer creation of a part directly from a 
digital computer-aided design (CAD) model, is a relatively new manufacturing paradigm 
that is currently coming into maturity for industrial production. Although AM has existed 
in various forms since approximately the 1980s, recent advances have begun to propel the 
technology into various production and large-scale manufacturing arenas [1]. The ability 
of additive manufacturing processes to create parts with complex geometries that are either 
difficult or impossible to create using traditional, subtractive manufacturing processes such 
as milling or turning, means that AM is a promising technology for the creation of 
structures previously not possible. Specifically, metal laser powder bed fusion (LPBF) 
processes, the focus of this study, have seen significant advancements in recent years. 
Additive manufacturing of metals has many potential applications including the 
light-weighting of components, creation of structures such as functionally graded lattice 
metamaterials ideal for topology optimization schemes, as well as non-technical benefits 
such as core capabilities for distributed manufacturing paradigms. Thus far, due to 
difficulties associated with the safe implementation of AM parts, use has been primarily 
confined to applications that require highly complex engineering such as those common in 
aerospace and defense.  
Despite the obvious and numerous advantages of additive manufacturing, several 
key challenges have been preventing the widespread adoption and use of AM technologies. 
These challenges include surface roughness and surface heterogeneities [2], long 
manufacturing/print times, limited process scalability, expense of machines and materials, 
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limited material types, internal defects, and statistical qualification. Technical problems 
such as surface and internal defects currently plague additive manufacturing processes, 
making safe implementation of AM parts difficult, while practical issues such as long print 
times prevent use for production of low-cost components. 
Qualification, or the determination of the integrity and quality of a part, is the focus 
of the present thesis. Qualification inspections cannot be adequately performed to certify a 
part for use until the effects of common AM problems such as surface and internal defects 
are well understood. Specific thresholds or models will need to be defined for part 
certification and cannot be performed without a thorough understanding of the mechanics 
involved. Surface defects can be largely mitigated via intelligent part design and 
subtractive machining of part boundaries after printing a component to near net shape. 
However, many parts either: 1) cannot be designed in such a way that access to machine 
all part boundaries is possible such as in the case of lattice structures, or 2) necessitate 
features for post-build machining which limit advantages offered by AM due to time, 
complexity of path planning, expense, or a variety of other reasons. Internal defects can 
largely be controlled through post processing by hot isostatic pressing (HIP) and parameter 
optimization, but their effects cannot be fully removed [3]. Because manufacturing defects 
cannot be entirely removed from the build process, knowledge of the complex relationship 
between defects and performance is critical for the safe implementation of AM-produced 
parts.  
Further complicating the process of qualification are the many loading modes in 
which AM parts may be used, such as in tension, compression, fatigue, bending, shear, 
torsion, and in more complex loading scenarios in which some combination of these 
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loading modes may be present. Under different loading conditions, parts experience 
significantly different stress conditions and failure phenomena depending on material 
system and load type. Understanding how components will respond in these different 
conditions will be key for qualifying parts subject to complex loading conditions. 
To investigate the relationship between volumetric defects, innate to the laser powder 
bed fusion AM process, and tensile performance of 316L stainless steel components, 
tensile sample arrays were built in three different global energy density conditions. 
Samples were inspected using computed tomography, a nondestructive inspection 
technique that uses x-ray energy to inspect the inside of components. Following this 
inspection, samples were tensile tested to gather effective material properties. Next, 
scanning electron microscopy inspections were performed on the fracture surfaces 
resulting from tensile testing. Finally, quantitative analysis of porosity using the results 
gathered from CT and SEM inspections were compared to material properties and 
correlations were made between porosity defects and tensile performance.  
Currently, there exists a gap in model-based understanding of the effects of internal 
defects on global tensile performance of AM 316L SS and, consequently, an inability to 
safely and reliable implement or qualify parts. The present research seeks to bridge this 
gap through correlation of internal defect characteristics and tensile performance metrics. 
The developed understanding has the potential for enabling a data-driven design of 
effective inspection processes to help fully realize the potential of additive manufacturing, 
as will be discussed. 
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This document is organized as follows: first a background of additive manufacturing 
qualification, motivation, and previous work will be presented in Chapter 2. Then, an 
overview of the study and its methods will be discussed in Chapter 3. Chapter 4 presents 
results from mechanical testing, SEM inspection, and CT inspection as well as a discussion 
of the significance of these results. Lastly, conclusions will be made, contributions 
outlined, study limitations addressed, and future works suggested in Chapter 5.  
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LITERATURE REVIEW 
1.1 Introduction to Additive Manufacturing 
Although additive manufacturing is currently entering a phase of maturation, the idea 
of layer-by-layer manufacturing to create complex geometries has existed for over a 
century, dating back to at least 1902, when George Peacock filed a patent for making 
composition horse shoes with a layer-by-layer method [4]. However, the birth of modern 
AM is most often dated by the sale of the first-ever commercialized 3D printing system; 
the SLA-1 by 3D systems in 1987 [1]. Many AM processes currently exist, including 
material extrusion, vat polymerization, material jetting, sheet lamination, powder bed 
fusion, binder jetting, and directed energy deposition [1]. These processes vary widely in 
mechanics, but all have the common idea of using simple, 2D geometries to create complex 
3D geometries. Additionally, this suite of technologies offers a variety of capabilities, from 
the ability to print parts from the sub-micron scale to hundreds of pounds [1]. Of these 
methods, metal laser powder bed fusion (LPBF) will be the focus of this thesis, as it offers 
significant promise for the creation of high-value parts for use in applications demanding 
highly-engineered components. 
While most people associate additive manufacturing, or 3D printing, as it is often 
called, with small, cheap widgets made of plastic using a desktop system, the metal AM 
world could not be more different, with commercial machines requiring experienced 
operators, starting at approximately $250,000, and requiring concomitant safety and post-
processing equipment. While polymer-AM has been successfully used for a variety of 
commercial solutions as well as hobbyist needs, metal AM has a very small number of 
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successful use cases for high-value, advanced engineering applications, with the 2012 GE 
Leap jet engine fuel nozzle being one of the most prominent examples [5]. This gap 
between the technology’s potential and successful use is largely due to unknowns relating 
to qualification or certification of components produced using metal AM technologies. 
Metal AM is a desirable manufacturing technique due to its ability to produce 
components with nearly infinite design freedom, relatively little planning, and a short 
design-to-production time compared to conventional, subtractive manufacturing 
techniques which are often limited by tool access and minimum feature size. For example, 
most AM processes, including LPBF, only require an input stereolithography (STL) file 
and modification of a few print parameters that remain largely the same across builds, 
whereas conventional 5-axis machining requires a highly-experienced machinist to create 
complex path plans using expensive computer aided machining (CAM) software to execute 
these commands safely and precisely.  
Despite its advantages, additive manufacturing is not without drawbacks, producing 
parts with relatively wide tolerances, poor surface finishes, and at low speed compared to 
conventional manufacturing processes [6]. Table 1 presents a comparison of various 
aspects of AM and conventional machining which highlights many of the needs of metal 
AM. Due to the differences in strengths and weaknesses of AM and conventional 
manufacturing, hybrid manufacturing systems, which have both additive and subtractive 
capabilities, are becoming increasingly popular due to their abilities to have the best of 
both worlds [6–10]. 
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Surface Roughness Poor Excellent 
Tolerances Poor Excellent 
Part Production Time Long Short 
Design Complexity Capability Nearly infinite Limited by comparison 
Scrap Rate Little to none Large 
Necessary Operator Skill Level Little by comparison Expert 
Production Planning Time Short Lengthy if complex 
 A classic example of additive manufacturing for the creation of a component not 
possible using conventional machining or manufacturing is architected lattice 
metamaterials, such as that shown in Figure 1. Lattice structures use designed porosity in 
building block “unit cells” to architect high strength-to-weight ratio structures. These 
structures are highly valued in the aerospace industry where low weight is a crucial aspect 
of successful design. Furthermore, lattice structures offer the ability for topology 
optimization, in which a parameter such as unit cell density, strut size, or unit cell size is 
modified to optimize the desired use of that component, whether it be structural loading 
capability or heat transfer [11].  
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Figure 1. AM 304L SS lattice metamaterial structure not possible to create using 
conventional manufacturing. Repeating unit cell geometry shown as CAD model. 
The design freedom offered by additive manufacturing makes components such as 
lattice structures possible. However, despite all the advantages offered by AM, 
qualification of complex parts such as lattices is an equally challenging task. Geometric 
and internal feature qualification of these parts, which have dozens to tens of thousands of 
individual struts, is a daunting task. Lattices present an extreme example of the difficulty 
of qualification for AM components because of their complexity. These topics and their 
needs will be presented in more detail later in this chapter. 
1.1.1 Laser Powder Bed Fusion 
Laser powder bed fusion (LPBF), the AM technique used to manufacture the samples 
presented in this thesis, involves the selective, localized joining of a layer of powdered 
metal using a high-energy laser. LPBF is often referred to as selective laser sintering (SLS) 
or selective laser melting (SLM) for this reason. The LPBF technique allows for the 
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manufacture of features down to a few tens of microns, however, it has been demonstrated 
that features below 500 µm in size for 316L SS can result in mechanical properties 
dominated by geometric heterogeneities common at this size scale if print settings are not 
optimized [2]. The advantages offered by LPBF as well as the widespread commercial 
availability of machines, have established it as the primary metal AM technique. A more 
in-depth of the mechanics of the LPBF process will be presented in the Manufacture of 
Samples section of Chapter 3. 
1.2 Qualification and Inspection 
Qualification, often called certification, is a crucial aspect of any manufacturing 
process. Qualification of additively manufactured components can take on many methods, 
focusing on feedstock powder [12,13], in-situ melt pool monitoring [14,15], geometric 
[16], internal feature [5,17–20], and material property [21], all of which inspect or monitor 
crucial aspects of the laser powder bed fusion additive manufacturing process. Currently, 
additive manufacturing qualification is typically performed through a “certification by test” 
process, in which extensive and costly testing is performed on components to certify a 
specific part for the specific loading and operating conditions it will be see during use. This 
paper aims to shift the AM qualification paradigm from “certification by test” to 
“certification by analysis,” in which material models and extensive knowledge of material 
performance are leveraged to qualify AM components through deterministic methods, by 
gaining an improved understanding of defect-property relationships in 316L SS produced 
by AM. This paradigm shift would allow for shorter part development times as well as 
safer implementations of AM components. As an introduction to current AM qualification 
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methods and the steps necessary to shift to the “certification by analysis” paradigm, two 
types of qualification will be discussed: geometric and internal feature.  
1.2.1 Geometric Qualification and Inspection 
Geometric qualification involves inspection of a part through the precise 
measurement of features of a part or assembly that ensure: 1) a part will fit and interact 
with other components properly in its assembly and 2) geometry of the part is within 
tolerances that allow it to perform according to design. Geometric qualification is done 
through dimensional metrology methods, and typically includes tactile measurements with 
a coordinate measurement machine (CMM), which takes measurements accurate to the 
sub-micron level by contacting a part with a probe, or through non-contact measurements 
using a structured light scanner, which projects fringe light patterns on a part and interprets 
surface contours based on the distortion of the fringe pattern. A recent review by Leach et 
al. [16] highlights some of the many challenges facing geometrical metrology for metal 
additive manufacturing. In this review, the authors discuss internal feature metrology, 
which will be presented in the following section, as well as place heavy emphasis on the 
need for standardization of metrology for metal AM. Several other papers highlight the 
need for qualification standards in AM [5,17,22–24]. The establishment of standards is 
crucial for the advancement of AM technologies and the widespread adoption of these 
methods in industry at large. Perhaps most importantly, qualification performed using a 
standard provides confidence for both the manufacturer and the customer in the integrity 
of that part, something sorely lacking in the current AM world. This thesis intends to gain 
understanding of the defect-property relationship to aid in the establishment of inspection 
standards not for external feature geometrical metrology, but for internal defect inspection.  
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1.2.2 Internal Defect Qualification and Inspection 
The focus of this thesis is the inspection and subsequent qualification of a part based 
on internal features and allowable internal defects. Many studies have been performed to 
consistently and reliably use CT inspections for quantitative measurement of either 
geometric or internal features. In a review by Maire and Withers [25], CT softwares used 
for pore identification are discussed. These softwares include ImageJ, Avizo, Morpho+, 
Pore3D, Blob3D, Imorph, and VGSTUDIOMAX, the last of which is used in this thesis. 
Additionally, researchers at the National Institute of Standards and Technology (NIST) 
proposed a standardized method for porosity quantification and metrology relying on 
Bernsen’s method, an local threshold algorithm [26]. This method was tested on additively 
manufactured cobalt chromium material and performed well when compared to standard 
thresholding algorithms such Otsu’s and Yen’s method. Standardization of methods for 
internal feature metrology is crucial for consistent part assessment across CT inspection 
systems.  
Challenges for quantitative computed tomography, ideal for AM measurement of 
internal and external features of a part, include the lack of standardized, deterministic 
methods for surface determination and internal feature recognition. Surface determination 
involves the segmentation of two materials, most often the material of the object of interest 
and air, to accurately determine the surface of an object. Surface determination is most 
often done through simple iso-value thresholding, in which pixels with grayscale values 
below the threshold are designated as air and those above as material, or vice versa. Scan 
contrast, beam hardening, and user interaction can all effect the determined surface. More 
complex surface determination methods exist that are available in CT analysis softwares 
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such as Volume Graphics, however they are often black boxes or opaque to the user. 
Similarly, internal feature (e.g. porosity) identification, can be done with simple 
thresholding or with more complex algorithms. These more advanced algorithms often take 
into account local contrast variations in addition to global contrast as well as shape and size 
constraints to distinguish between true pores and image artifacts such as beam hardening, 
ring artifacts, or streaking. Like surface determination algorithms, many are available in 
commercial software, and are black boxes. To be sure, many advanced CT users, 
particularly within academia, create their own algorithms for internal feature recognition 
and surface determination, however these algorithms are very much limited to the most 
advanced users and require extensive expertise to use properly. 
1.3 Pore Type, Formation, and Mitigation 
Porosity is a major issue in LPBF AM and is, in general, poorly understood. Despite 
bulk porosity values often being very low with part densities >99%, pores can still have 
significant impact on part performance [13]. Three main types of porosity: gas porosity, 
lack of fusion, and keyhole, have been identified to be common in this process, all of which 
will be detailed here. Gas porosity, by number of pores, is the most common type of 
porosity found in AM components due to its existence in the raw powder. These small, 
spherical pores can form by two mechanisms: via entrapped gas from the gas atomization 
process, or by the entrapment of inert build chamber or shielding gas inside the fused 
material [27]. Regardless of the mechanism of formation, gas porosity tends to be very 
small but much more numerous compared to lack of fusion or keyhole porosity. Gas 
porosity, due to its small size and spherical shape, is often assumed to have a relatively 
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small effect on part performance compared to LOF pores, however this has not been 
thoroughly proven, and effects of clustered or concentrated gas porosity is still unknown.  
Lack of fusion porosity, in contrast to gas porosity, tends to be very random in shape 
due to its formation mechanism. Lack of fusion defects are often categorized separately 
from porosity in the literature due to their unique mechanism of formation. However, for 
the purposes of uniformity, this thesis will refer to these as pores. These pores are 
characterized by sharp edges and webbed, elongated paths. Due to their sharp edges, LOF 
pores often act as stress concentrators and are suspected to be particularly detrimental to 
mechanical performance under fatigue loading conditions  [27]. Lack of fusion pores are 
formed by, as the name suggests, a lack of fusion of two melt paths. If a melt path is too 
far from its neighboring melt path, either on the same layer or the layer below, the two may 
not fuse together. Similarly, melt paths that are too small and are not wide enough to join 
their neighboring melt paths or have insufficient laser power or energy density and thus 
cannot fully fuse to the previous layer, can result in LOF porosity. This failure to fuse melt 
paths or layers entirely can result in LOF pores with an unpredictable shape.  
 Lastly, keyhole porosity is formed during the LPBF process when energy density 
is too high [28]. This excess of energy per unit area or per unit volume results in 
evaporation of the metal and formation of plasma, which causes a vapor cavity that results 
in entrapment of gas and therefore voids [29,30]. Specifically, keyhole formation occurs 
when the melt pool transitions from conduction mode to keyhole mode laser melting in 
LPBF, which occurs when a normalized enthalpy threshold is exceeded [30]. In this same 
paper, normalized enthalpy was shown to be a function of several print parameters, 
including power, speed, and beam size, key parts of global energy density. Depending on 
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the energy density, pores can be spherical in shape or shaped as a “keyhole,” as the name 
suggests in the most extreme cases. Keyhole porosity is a relatively well-understood 
phenomenon, having been an issue in traditional welding and laser cladding prior to the 
advent of metal AM.  
With a general understanding of the formation methods for gas, LOF, and keyhole 
porosity, one can begin to prevent their formation. Gas porosity is largely determined by 
gas pores existing as a result from the metal atomization process. Thus, steps must be taken 
during the process of creating metal powder to mitigate gas porosity. This can largely be 
done through the use of high-quality powders. To mitigate LOF porosity formation, 
mapping of print parameters can yield optimal processing conditions that will ensure paths 
and layers are fully fused. Lastly, keyhole porosity can be prevented through careful tuning 
and control of laser parameters to ensure melt pools stay in conduction mode melting. 
Additionally, printer manufacturers are currently implementing laser power and speed 
modulation to control energy density and mitigate keyhole porosity formation. Monitoring 
and control is often attempted through cameras coaxial with the laser [14,15,31–40], 
however reliable closed-loop feedback control of laser parameters is not currently possible. 
Development of charts such as that in Figure 2 can be used to facilitate the manufacture of 
optimal parts with minimal internal defects. 
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Figure 2. Processing Map showing optimal processing conditions to eliminate porosity. 
1.4 Correlation of Mechanical Properties 
Despite in-depth knowledge about the formation of porosity, very little is currently 
understood about the relationship between internal defects, colloquially referred to as 
porosity, and part performance in various loading conditions. Many studies have been 
performed in this area, but many rely on non-rigorous, non-quantitative inspection of 
components, instead opting for generalized measurements such as total pore count and bulk 
density. Large focus has been placed on fatigue performance of AM structures, primarily 
using Ti6Al4V [41–47], AlSi10Mg [48–51], and Inconel 718 [52,53], common materials 
used in the aerospace industry. However, some fatigue studies have used 316L SS [54], the 
material of interest in the present study.  
Additionally, studies have been performed relating defects and tensile performance, 
as in this thesis [19,20,55–59]. These studies have covered a variety of materials including 
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316L SS, Ti6Al4V, AlSi10Mg, Inconel 718, and 17-4PH SS. For example, Madison et al. 
[55] examined dozens of 17-4PH tensile samples inspected using computed tomography 
and compared these results to tensile performance. This study examined porosity 
distribution characteristics including total number of defects, equivalent spherical 
diameter, volume, among others and found that relatively low correlation values were 
found, the maximum being a coefficient of determination (COD) of 0.50. Slightly better 
success was had when multiple pore parameters were combined, reaching a maximum 
COD of 0.60. Boyce et al. [19] utilized extreme value statistics to reveal failure-critical 
defects in 17-4PH SS subject to tensile loading. Examining over 1000 samples, this study 
emphasized the need of large sample set sizes for characterization of the stochastic 
behavior of AM materials.  
Others have utilized in-situ CT testing, in which a test is performed inside of a CT 
machine to monitor a process in pseudo-real-time and track defect evolution, as in Ref. 
[56], which performed tensile testing in a synchrotron radiation (SR) source. This study 
utilized SRCT to track three-dimensional pore volume, distribution, and morphology 
throughout tensile testing. Using this high-resolution method, defect elongation was 
observed within samples. Conclusions of this study involved emphasizing the insufficiency 
of bulk density and porosity measurements made using the Archimedes method and the 
importance of accounting for pore distributions. However, this study did not elucidate the 
complexities of the defect-property relationship in samples without designed pore 
distributions. A study by Miers et al. [58] examined 316L SS tensile samples with “natural” 
porosity resulting from the build process and developed an algorithmic approach to predict 
tensile failure location using a fracture mechanics-based factor approach. This study 
 17 
offered promising results towards understanding the role of pores as stress concentrations 
in AM.  
In a study by Dressler et al. [2], computed tomography and scanning electron 
microscopy were utilized to observe and identify trends involving an increase in the 
number and intensity of geometric heterogeneities as feature size decreases. These defects, 
which often extended to both the interior and exterior of the samples, were observed to 
have more significant effects on performance in tension at small size scales than at larger 
size scales. Thus, scalability will be a significant challenge as AM advances forward, 
particularly due to the small components often manufactured using AM. 
In another study, Kramer et al. [20] examined the effects of porosity in 316L SS on 
fracture properties. Interrupted tensile testing and CT inspection were used to observe the 
evolution of voids and cracks at various stages of tension. In this study, the authors focused 
largely on the total number of voids seen through both CT and SEM and concluded that 
“despite a lack of correlation between aggregate AM voids and global mechanical 
behavior, the AM voids influenced local crack initiation and growth”. 
In summary, many studies have been performed in efforts to understand the influence 
of porosity on global mechanical behavior. Due to a combination of confounding variables 
such as surface roughness and build orientation, lack of thorough inspections and 
systematic studies correlating defects and performance, the influence of internal porosity 
on global behavior largely remains a mystery. Through thorough inspection and systematic 
study, the author aims to elucidate the defect-property relationship to shift the AM 




To elucidate the relationship between internal defects and tensile performance, a 
variety of inspection and testing methods were required. In this section, these methods will 
be presented in the order in which they were performed; the manufacture of samples, 
computed tomography inspection and analysis, high-throughput mechanical testing, 
scanning electron microscopy inspection, and quantitative fractography analysis. 
1.6 Manufacture of Samples 
Samples used in this study were built in three different spatial energy density or GED 
conditions using an EOS M 290 additive manufacturing machine equipped with a 400 W 
IPG Photonics Laser. The type of AM process this machine uses is called laser powder bed 
fusion, which entails a cycle involving the application of a thin layer of powdered metal, 
typically on the order of 10-50 µm, via a metal recoater blade, followed by a laser melting 
the powder in the shape of the slice for the desired part at that height. Following the melting 
of the powder, the build plate is incremented downward in the z-direction and the cycle 
repeats. Figure 3 presents a diagram showing a brief overview of the LPBF AM process 
used to manufacture the samples used in this study. 
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Figure 3. Laser Powder Bed Fusion Diagram 
 Three different global energy density (GED) conditions were examined in this 





where 𝑃𝑃 is laser power, 𝑃𝑃 is hatch spacing, or the distance between parallel melt paths, and 
𝑆𝑆 is laser speed. GED is most often reported in 𝐽𝐽
𝑚𝑚𝑚𝑚2
 and is commonly approximately 2.0 
𝐽𝐽
𝑚𝑚𝑚𝑚2
 for 316L SS. Global energy density is the two-dimensional equivalent of volumetric 
energy density, which includes laser thickness as a parameter in the denominator and is 
commonly used to understand AM builds. Layer thickness was kept constant in this study, 
so it can be assumed that GED and volumetric energy density would provide identical 
trends and only be different by a scaling factor of 1
𝑡𝑡
 where 𝑡𝑡 is layer thickness. 
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 In this study, hatch spacing and laser speed were kept constant throughout builds 
and across build plates. Laser power was changed by +/- 25 W across build plates from the 
nominal 195 W to alter GED, the independent variable investigated in this study. 316L 
stainless steel was used as the material with nominal particle size in the range of 30-60 µm. 
No post processing heat treatment or HIP was performed and samples were evaluated in 
the as-built state. Table 2 presents the GED parameters used to print the samples used in 
this study. 
Table 2. GED Parameters Used to Print Samples 
 P (𝑾𝑾) H (𝒎𝒎𝒎𝒎) S (𝒎𝒎𝒎𝒎/𝒔𝒔) GED (J/mm2) 
High GED 220 0.09 1083 2.26 
Nominal GED 195 0.09 1083 2.00 
Low GED 170 0.09 1083 1.74 
 Figure 4a presents a CT scan of an array of 25 tensile samples. The reason for this 
specific sample geometry and size will be discussed in the High-Throughput Mechanical 
Testing section of this document. Figure 4b shows an image of the build plate with the 





Figure 4. Images of Built Samples. a) CT scan of sample array with dimensions, b) Nominal 
GED Build Plate 
1.7 Computed Tomography 
Computed tomography (CT) is a common technique for nondestructive inspection of 
a variety of parts from metals to polymer composites, but is most well-known for its use in 
medicine. CT is a well-suited method for inspection of AM components due to its ability 
to nondestructively investigate the internal structure of components with high resolution. 
Laboratory CT machines such as those used in this study, can commonly achieve 
resolutions of 5-15 µm at their highest resolution, depending on part size and material. 
Computed tomography consists of a series of x-ray radiographs (projections) being 
taken of an object through a 360º path. Using reconstruction algorithms such as the 
standard filtered backprojection method, these radiographs can be assembled into a three-
dimensional object in which the gray scale value of each pixel is roughly proportional to 
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the density of the material represented by that pixel.  Attenuation of the x-ray is exponential 
and is described by Equation 2, 
 𝐼𝐼 = 𝐼𝐼0𝑒𝑒−𝜇𝜇𝜇𝜇 (2) 
where 𝐼𝐼 is the final x-ray energy directly proportional to the grayscale value of the 
radiograph, 𝐼𝐼0 is the initial energy, 𝑥𝑥 is the distance traveled through a component, and 𝜇𝜇 
is an attenuation coefficient that includes factors such as density and microstructure. 
1.7.1 Computed Tomography Inspections 
In this study, a Nikon M2 Dual Head 225/450 kV computed tomography machine equipped 
with a Perkin Elmer detector was used to inspect the three sample arrays. Due to the 
elongated geometry of the arrays, a helical scan path was chosen in which the sample 
simultaneously rotates and raises along a helical path. The helical scan pattern allowed for 
higher resolution data to be obtained for the object in a single scan as opposed to the 
conventional circular scan path. Figure 5 presents x-ray projections used to reconstruct the 
3D CT volume, which show the helical scan path used.  
   
Figure 5. Raw X-Ray Projections Showing Helical Scan Path 
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Figure 6 shows the setup used for computed tomography inspection. Sample array 
fixturing is shown in Figure 6a, the outside of the Nikon system used for inspection is 
shown in Figure 6b, and the 450 kV x-ray source with copper prefiltering is shown in 
Figure 6c. 
   
a b c 
Figure 6. Computed Tomography Inspection Setup. a) Sample array fixturing. Silver 
cylinder is held vertically in CT system for fixturing. b) Nikon CT system. c) 450 kV x-
ray source with Cu prefilter attached.  
For these scans, the 450 kV x-ray source was used operating at 440 kV. Eight frames 
were averaged to obtain each of the 2294 x-ray radiographs used for reconstruction. A 
voxel side length of 10 µm/voxel was achieved, which allowed for resolution of shape of 
identified pores. A 1 mm Cu prefilter was used to mitigate beam hardening effects caused 
by the naturally polychromatic energy spectrum of laboratory x-ray sources. Table 3 
summarizes CT parameters used for these inspections. Reconstruction of these inspections 
was performed using Nikon Metrology X-Tek CT Pro 3D. 
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Table 3. CT Inspection Parameters 
Parameter Value 
Number of Projections 2294 
Voltage 440 kV 
Current 227 µA 
Prefiltering 1 mm Cu 
Resolution 10 µm/voxel 
1.7.2 Analysis and Registration 
Analysis of CT data was performed in Volume Graphics VGSTUDIO MAX 3.2, a 
CT data analysis suite. The scanned arrays were initially segmented using a standard ISO-
50 threshold technique, which uses the average gray value between histogram material and 
air peaks. In an effort to determine surface contours of the material most accurately, this 
initial segmentation was followed by an advanced surface refinement technique built into 
the software that uses a deformable surface technique. Noise particles and voids were 
removed during the surface determination process. 
 To digitally register the CT volumes, theoretical surfaces were fit to geometric 
features on the volumes. By defining these features, registration can be performed reliably 
and consistently. For these samples, planes were defined and intersected to form lines and 
points such that the sample gage sections were aligned with the z axis, the bottom plate 
was defined by the x-direction in the axial direction and the y-direction in the transverse 
direction. Planes were defined by using fit points shown in Figure 7a to match the 




Figure 7. Digital Registration of CT Volumes. a) Coordinate system and fit points shown 
in green used to define geometric features. b)  Semi-transparent samples to highlight gage 
sections used for analysis. 
For consistent individual porosity assessment, the 25 gage sections on each tensile 
sample array were mathematically defined using the coordinate system shown in Figure 
7a. A rectangular prism region of interest (ROI) was created to separate the gage section 
of each sample. Boolean intersection of this ROI and the segmented material allowed for 
the attainment of a single unified ROI that encompassed the exact contours of each gage 
section. Figure 7b shows the array volume with the gage sections 0% transparent and the 
rest of the array semi-transparent.   
To identify porosity in each sample, VGDefX, a Volume Graphics built-in porosity 
identification algorithm was used. A 2-voxel offset from the determined surface was used 
in combination with a medium adaptive noise reduction scheme to ensure noise or edge 
artifacts were not misidentified as pores. Furthermore, ranges for the parameters of 
probability, pore diameter, compactness, and sphericity ranges were defined to identify 
true pores and avoid misidentification of image artifacts as pores. These criteria are 
presented in  
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Table 4. 
Table 4. Parameters used in CT analysis to identify realistic porosity 
Probability Diameter (mm) Compactness Sphericity 
>0.85 0.0625-1.00 0.08-1.00 0.13-0.65 
1.8 High-Throughput Mechanical Testing 
Mechanical testing of samples was performed using a custom, high-throughput 
tensile testing system that allows for the automated, rapid testing of tensile samples. This 
system encompasses a modified MTS servo-hydraulic load frame equipped with an 
Interface 2-kip load cell. To automate testing, a mounting stage for sample movement was 
created that will position a new sample after the previous sample was tested. A tube 
connected to compressed air is positioned to blow the top of a pulled sample out of the way 
prior to the stage progressing to the next sample. The sample array geometry, dimensions 
of which are shown in a drawing in Figure 8, was used in this experiment and designed to 
make the testing fast and efficient. Wedge grips were used to quickly and easily grab the 
samples as detailed in the ASTM E8 standard. Sample movement was automated using a 
KeLing Technologies, Inc. stepper motor and a Temposonics position sensor. Depending 
on material, 50-100 samples can be tested per hour. Figure 9 provides a diagram of the 
testing setup used for mechanical property characterization. Further details on this stage 
can be found design of this testing stage can be found in Ref. [60].  
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Figure 8. Drawing of Dogbone samples used. Dimensions in mm. Samples are 1mm thick. 
 
Figure 9. High-Throughput Tensile Testing Setup 
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Two cameras, one normal to the sample face looking down the +x-axis and one along 
the +y-axis, were used for real-time digital image correlation (DIC) strain tracking using 
VIC-Gauge software by Correlated Solutions. This allowed for further automation by using 
non-contact strain measurements as opposed to traditional contact extensometers. A pixel-
to-millimeter ratio was established using a reference image containing an object of known 
dimensions and applied as a scaling factor to ensure the accuracy of measurements. Cross-
sectional area was measured using these cameras. An image of the automated 
measurements from the y-axis camera is shown in Figure 10. 
  
Figure 10. DIC Measurement of Gage Section for Cross-Sectional Area Calculation 
To aid in DIC measurements, samples were speckled with a white undercoat and a 
black speckle pattern via spray paint. Samples were pulled at a constant rate of 0.03 mm/s, 
a rate which was verified by the DIC solution. From this tensile data, mechanical properties 
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were extracted. Properties calculated were: ultimate tensile strength (UTS), strain at UTS, 
ductility, modulus, yield stress, and strain at yield. Ultimate tensile strength was calculated 
by finding the highest engineering stress value reached and the strain at this point was 
recorded. Ductility was the percent strain at failure and modulus was determined by finding 
the slope of the elastic loading curve. Yield strain was calculated as the strain by 
intersecting a line parallel to the modulus with an x-intercept at 0.2% offset. 
1.9 Scanning Electron Microscopy 
To investigate the fracture surfaces formed during tensile testing, scanning electron 
microscopy was employed because of its ability to provide ultra-high resolution images of 
fracture surfaces on the order of single micron-resolution. The top and bottom fracture 
surfaces of tested samples were assumed to be complementary, thus providing mirrored 
and roughly identical information about porosity. Consequently, only the bottom fracture 
surfaces, those still attached to the array, were imaged. This provided the additional benefit 
of ensuring that all 150 fracture surfaces would be imaged using the same coordinate 
system and were thus comparable between images without needing to account for 
orientation differences. Figure 11 presents representative images of porosity investigation 
seen in this study and shows the ability of SEM inspection to resolve very small features. 
Figure 11a shows several small pores clustered together and Figure 11b shows a single 
pore up close. In this image, surface roughness likely created by melt pool tension can be 




Figure 11. Examples of fracture surface images obtained with SEM. a) Clustered porosity 
assumed to be gas porosity. b) Close up of pore with melt pool lines visible in inside of 
pore. 
A Zeiss Ultra 60 Field Emission Scanning Electron Microscope (SEM) equipped 
with a Schottky FEG gun was used for fractographic inspection. Fracture surfaces were 
imaged with an acceleration voltage of 15 kV using the secondary electron detector to 
extract as much topographical information about the fracture surfaces as possible using 
SEM. A relatively large working distance of approximately 8 mm was used, which 
provided a depth of field that encompassed the majority of the surface and ensured that 
measurements of pores at all points could be made with comparable accuracy. Figure 12a 
shows the Zeiss Ultra 60 SEM used for fracture surface inspection. Figure 12b shows the 
fracture surface arrays placed in a plasma cleaner used to remove organic matter from the 




Figure 12. SEM Inspection a) Zeiss Ultra 60 SEM Used for fracture surface inspection b) 
Samples placed in plasma cleaner to remove residual organic matter on surface 
1.9.1 Quantitative Fractography 
This study aimed to employ quantitative fractography to investigate the different types 
of porosity in 316L SS, characterize this porosity, and develop an in-depth understanding 
of how these defects are correlated with tensile performance through quantitative image 
feature extraction. To do so, FIJI, an ImageJ analysis package, was used to inspect pores 
seen on the fracture surfaces of the samples of interest. Using FIJI, low-magnification 
images of approximately 250x and a resolution of ~3 µ/pixel were used for quantitative 
assessment. Figure 13a shows an example of a fracture surface inspected in this study. With 
high-resolution imaging, even pores with diameters in the ~10 µm range can be readily 
identified. Higher magnification images, such as Figure 13b where magnification of 2,240x 




Figure 13. SEM-Identified pores. a) No overlay image. b) Green overlay of identified pores 
used for feature extraction. 
 Using FIJI, quantitative pore characteristics were extracted. Extracted 
characteristics include maximum diameter, area, x- and y-centroid locations, bounding box 
location and size information, circularity, and roundness. These statistics were exported to 








RESULTS & DISCUSSION 
This chapter is organized such that results will be presented in their entirety and will 
be followed by a discussion of the underlying nature of the observed phenomena. The 
results and their implications for the implementation of AM components in high-
performance systems will be discussed. Additionally, comparison of results to those of 
other studies will be presented and any discrepancies in results discussed. In this way, 
results may be understood insofar as they apply to qualification of AM components and 
the future of additive manufacturing. 
1.10 Mechanical Properties 
High-throughput mechanical testing allowed for the understanding of the effects of 
different energy density conditions on mechanical performance to be evaluated. Properties 
obtained from tensile testing include the geometric property of cross-sectional area 
(measured optically with cameras in the high-throughput tensile testing setup), ultimate 
tensile strength (UTS), ductility, modulus obtained from unloading and reloading during 
the testing, yield stress, and strain at yield. Table 5 presents mean values for each property 































GED 1.225±0.034 490±13.4 45.2±2.7 60.7±3.59 127.3±3.6 337±19.0 46.9±1.5 
Nom 
GED 1.166±0.032 481±12.9 54.5±2.7 70.9±3.68 124.3±3.2 358±18.4 49.4±1.6 
Low 
GED 1.107±0.028 494±11.3 56.5±2.3 73.6±3.76 133.2±3.3 366±18.0 48.1±1.5 
From Table 5 it can be observed that variability in performance tended to be higher 
for UTS, UTS strain, ductility, modulus, and yield stress as indicated by the standard 
deviation among the high and low GED samples as compared to the nominal GED samples. 
This is important because understanding the reliability of a component is critical to its 
qualification process. Additionally, ductility in the high GED samples was observed to be 
15-19% lower than in the nominal and low GED samples at 60.7% vs 70.9% and 73.6%, 
respectively. This drop in ductility will be put into the context of porosity defects later. 
Cross-sectional area is also seen to be highest in the high GED samples at 1.225 mm2 
compared to 1.166 mm2 and 1.107 mm2 for the nominal and low GED samples. This is 
suspected to be a result of the large melt pool created by the extra-high energy laser. 
1.11 Scanning Electron Microscopy 
Scanning electron microscopy inspection of the resulting fracture surface allows for an 
improved understanding of how the samples fractured. The magnification offered by SEM 
imaging results in high-quality, high-resolution images of microscopic details occurring on 
the fracture surfaces such as porosity, ductile dimples, and cracking. A visual summary of 
pores identified during visual inspection of the SEM-imaged fracture surfaces is shown 
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below in Figure 14. In this figure it can be seen that the samples produced in the high GED 
condition tend to have very large pores compared to the nominal and low GED samples. 
Additionally, these large pores tend to cluster toward the edge of the sample fracture 
surfaces. Both trends will be demonstrated shown later in SEM and CT results. 





























Figure 14.  Select Fracture Surface SEM Images with Overlays of Identified Porosity  
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 By using the SEM secondary detector, which detects secondary electrons and is 
typically used for identifying topographical information, depth can be perceived on the 
fracture surfaces, which tends to be vary based on the failure mode. However, SEM images 
alone generally only provide qualitative information and cannot quantitatively convey 
fracture surface topography or quantify how drastic the depth changes are without further 
analysis. Thus, a Zygo 3D Optical Surface Profilometer was utilized to understand the 
depth characteristics of the fracture surfaces. Figure 15 presents Zygo images of the same 
fracture surfaces as in Figure 14. In these images, the highest point on the fracture surface 









































Figure 15. Select Fracture Surface Depth Maps. Black spots represent porosity. 
The images presented in Figure 15 show a more accurate measurement of the 
fracture surface topography. From these images, cup-cone fracture surfaces can be seen, 
representative of ductile tensile failure. Ductile dimples in the center of the fracture 
surfaces, identified via SEM imaging, confirm that nearly pure tensile failure occurred in 
the central region of the fracture surfaces and that this failure transitioned into shear failure 
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on the edges of the cross sections.  The low GED samples appear to be relatively flat 
whereas the nominal GED samples seem to have more pronounced shear lips on the 
fracture surfaces. However, the small sample size and lack of any obvious trend prevents 
definitive conclusions from being drawn based on this data. 
1.11.1 SEM-Measured Porosity Characteristics 
Using the ImageJ FIJI software package, quantative analysis of the fracture surfaces 
was performed. Porosity metrics were extracted from SEM images shown in Figure 14, 
where the green highlighted areas are pores identified manually. Data was organized and 
plotted to reveal trends in pore characteristics occurring in samples produced under 
different global energy density conditions.  
1.11.1.1 Pore Dimensionality Parameters 
First, physical characteristics of pores identified on sample fracture surfaces from 
SEM images will be presented. The main characteristic of porosity to be investigated is the 
diameter distribution. Distributions of SEM-measured pore diameter are shown in Figure 
16 and are unimodal. Red vertical lines identify the mean value of pore diameter and show 
that mean pore value is relatively consistent across energy density samples at 0.0120 mm, 
0.0111 mm, and 0.0154 mm for the high, nominal, and low GED conditions.  
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Figure 16. SEM-Measured Pore Diameter Histograms with Mean Value Shown by Vertical 
Line a) High GED, n=218 b) Nominal GED, n=224 c) Low GED, n=205 
Table 6 presents quantitative statistics from Figure 16. Statistics shown in this table 
indicate that pore distribution properties in the three different print conditions are relatively 
consistent with respect to diameter. However, these statistical results do not consider values 
at the extremities of these distributions, which will be shown in the ensuing to have the 
greatest effect on performance. 
Table 6. SEM-Measured Diameter Distribution Statistics 
Values in mm2 Mean Standard Dev. Mode 
High GED 0.0120 0.0103 0.0049 
Nominal GED 0.0111 0.0158 0.0049 
Low GED 0.0154 0.0132 0.0042 
 In addition to diameter measurements, area and circularity were calculated for each 
individual pore detected on the fracture surface. Pore area distributions for each GED 
condition are shown below in Figure 17. Unsurprisingly, trends in pore area are largely 
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similar to the diameter distributions, with mean areas of 0.1020 mm2, 0.1286 mm2, and 
0.2038 mm2 for high, nominal, and low GED conditions, respectively. 
 
Figure 17. SEM-Measured Pore Area Histograms with Mean Value Shown by Vertical 
Line a) High GED, n=218 b) Nominal GED, n=224 c) Low GED, n=205 







where 𝐴𝐴 is defect area and 𝑃𝑃 is defect perimeter. Circularity, as the name suggests, is a 
quantitative metric that describes how circular an object is. Circularity is a valuable form 
metric to investigate, as porosity created by different mechanisms tend to have different 
shapes. For example, lack of fusion porosity tends to be more random in shape and 
orientation than gas porosity, which tends to be predominantly spherical in shape.  
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Figure 18. SEM-Measured Pore Circularity Histograms with Mean Value Shown by 
Vertical Line a) High GED, n=218 b) Nominal GED, n=224 c) Low GED, n=205 
Circularity data presented in Figure 18 appear to be normally distributed with a 
wide spread or standard deviation. Additionally, circularity and GED appear to be inversely 
related, with high GED having relatively low circularity and low GED having relatively 
high circularity. One takeaway from this figure is that most pores tend to be relatively non-
circular, with average pore circularity being approximately 0.6.  One reason that porosity 
may become less circular at increasing GED values is due to the increase in keyhole pores, 
which often exhibit non-spherical behavior at higher energy densities, as will be discussed 
later in this document. 
1.11.1.2 Pore Location Parameters 
Using pore metric data from quantitative fractographic analysis, location data was 
extracted and normalized to determine if trends exist regarding pore location and energy 
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density. Figure 19 provides a visual representation of pore location and shows the 2D (X-
Y) location of each pore for each GED type, where location (0,0) is the center of each part 
and encompasses the entirety of the nominal gage section of each sample. It should be 
noted that the circles in Figure 19 are shown for the purposes of representing the location 
and relative size of the pores using the pore area calculated during SEM inspection and 
should not be interpreted as an absolute representation of pore shape or size. Figure 19d 
shows the locations of pores with areas in at least the 95th percentile; most of which occur 
near the edge of the part. Note that in the distribution of the 33 pores in this percentile 
range, 21 are in the high GED samples, 11 in the nominal GED, and 1 in the low GED. It 
is worth noting that pores are generally concentrated in the middle of the nominal edges of 
the gage section along the z-axis. This trend is due to necking effects from the tensile 
testing. 
It should be noted that pores shown in Figure 19d are primarily concentrated in the 
upper part of the plot and may be correlated with part location on the build plate as well as 
the flow of the inert gas in the build chamber. This trend will be discussed further in the 











Figure 19. SEM Pore Location Mapping. a) High GED b) Nominal GED c) Low GED d) 
Pores in the 95th percentile or greater for all identified pores. 
 In addition to pore mapping, distance to center was calculated for each individual 
pore. This was done using Equation 4 
 𝐺𝐺 = √[�𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡 − 𝑥𝑥𝑔𝑔𝑔𝑔𝑔𝑔𝑑𝑑�
2
+ �𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡 − 𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔𝑑𝑑�
2
]   (4) 
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where 𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡 and 𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡 are the normalized x- and y-locations of the defect as determined 
by defect centroid and 𝑥𝑥𝑔𝑔𝑔𝑔𝑔𝑔𝑑𝑑 and 𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔𝑑𝑑 are the x- and y-locations of the gage section as 
determined by the centroid of the area bounding the fully-necked cross-section. Statistics 
from the distributions for pore distance to gage center are presented in Table 7. 
Table 7. SEM-Measured Pore Distance to Gage Center Distribution Statistics 
Values in mm Mean Standard Dev. 
High GED 0.7599 0.1654 
Nominal GED 0.7299 0.1849 
Low GED 0.7350 0.1664 
 Table 7 shows that there is a trend that mean distance to center increases with high 
GED. However, data presented in Table 5 shows that ductility, which is correlated with 
necking behavior, is lowest in the high GED samples. Thus, SEM inspection of fracture 
surfaces alone is not sufficient to determine whether correlations exist between spatial 
energy density and pore distance to gage center. CT inspections, which were performed 
prior to mechanical testing and any necking behavior, will provide insight on whether these 
trends are true or are skewed by the variations in ductility. 
1.12 Computed Tomography 
CT inspections can provide three-dimensional data of the internal structure of 
scanned components and are commonly used for both qualitative and quantitative 
assessment of porosity. In this study, CT was used to provide quantitative descriptions of 
porosity in tensile samples prior to mechanical testing. Inspections provide significant 
amounts of information valuable to understanding the resultant structure of 316L 
components produced under varying spatial energy density conditions. Gage sections were 
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isolated and inspected for porosity as detailed above. Gage sections from each GED 
condition are shown as semi-transparent are presented in Figure 20 to visualize the 




a b c 
Figure 20. Semi-Transparent CT Volumes of Gage Sections in a) High b) Nominal  
c) Low GED Conditions. Pore color indicates volume in units of 1x10-3 mm3. 
As can be seen in Figure 20a, pores occurring in the high GED samples are 
generally fewer in number but much larger in size than in the nominal or low GED samples. 
In comparison, nominal and low GED samples seem to have a large number of pores but 
are of average size. Additionally, it can be generally seen in Figure 20 that pores are 
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uniformly spaced along the z-axis. This visual, qualitative observation is confirmed by z-
position distribution data, shown in as a histogram and as a cumulative distribution function 
(CDF) in Figure 21. 
 
Figure 21. Histogram and Cumulative Distribution Function of Pore Centroid Z-Positions 
 Figure 21 shows a very uniform distribution in the top subfigure and a cumulative 
distribution function (CDF), which shows the cumulative probability of a pore falling at a 
z-position below the height denoted on the x-axis, in the lower figure. Fitting a line, shown 
in red, to the bin values in this lower figure, yields a 𝐶𝐶2 correlation value of 0.999, 
indicating the CDF has very linear values and is thus highly uniform. This is an important 
point to establish, as it lends legitimacy and reliability to the quantitative SEM inspection, 
which essentially randomly samples porosity distributions at an arbitrary z-position. This 
means that assuming that the SEM inspection fracture surfaces should be representative of 
the entire pore distribution and is thus comparable to sampling the entire volume. 
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1.12.1 CT-Measured Porosity Characteristics 
Quantitative pore characteristics are presented in this section similarly to SEM-
measured characteristics. Compared to SEM-measured pore characteristics, those 
measured using CT have the added benefits of 1) a significantly larger dataset both in terms 
of number of pores identified and analysed as well as total number of samples inspected 
due to the speed of automated detection, 2) three-dimensional data which can more fully 
describe defects, 3) data collection prior to mechanical testing and failure, and 4) automated 
detection algorithms used to identify and measure porosity. Using CT inspection, 47,610 
individual pores were identified across 75 samples, for an average of 635 pores per gage 
section. The total number of pores for each GED type is 19,542, 11,632, and 16,436 for 
high, nominal, and low GED. For comparison, a total of 647 pores were identified across 
15 fracture surfaces using SEM inspection. Results are presented first by pore 
dimensionality characteristics, then by pore location trends. 
1.12.1.1 Pore Dimensionality Parameters 
Similar to the SEM inspections, CT inspection data was used to calculate diameter 
for each detected pore. Because of the larger data set collected using CT, distributions are 
anticipated to be much more representative of the true porosity distribution in the sample 
gage sections than the SEM inspections, which only analyzed the resulting fracture surface 
and could be skewed due to spatial nonuniformities in the porosity distributions. However, 
these effects should be minimal, as noted above, but not a true representation of the entire 




Figure 22. CT-Measured Pore Diameter Histograms with Mean Value Shown by Vertical 
Line a) High GED, n=19,542 b) Nominal GED, n=11,632 c) Low GED, n=16,436 
As with diameter distributions from SEM inspections, mean, standard deviation, 
and mode values for the distributions were calculated and are consistent across the tested 
energy density conditions. These statistics are presented in Table 8. However, these 
statistics are not fully descriptive of the porosity diameter distributions, as they provide no 
information about the differences in the largest pores in these samples, which will be shown 
to have the most significant impact on mechanical behavior. Additionally, pore volume can 
be measured using the 3D data obtained from computed tomography. Distributions of this 
data are presented in Figure 23. 
Table 8. CT-Measured Diameter Distribution Statistics 
Values in mm2 Mean Standard Dev. Mode 
High GED 0.0925 0.0242 0.0770 
Nominal GED 0.0926 0.0231 0.0690 
Low GED 0.0929 0.0227 0.0770 
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Figure 23. CT-Measured Pore Volume Histograms with Mean Value Shown by Vertical 
Line a) High GED, n=19,542 b) Nominal GED, n=11,632 c) Low GED, n=16,436 
While there is slight variation between the mean values of 0.681x10-4 mm3, 
0.596x10-4 mm3, and 0.619x10-4 mm3 in the high, nominal, and low GED conditions, the 
distributions are largely similar. Once again, this consistency indicates that, in general, the 
porosity distributions are relatively similar across the energy density conditions for most 
pores. However, it will be shown that the largest pores existing on the extremes dominate 
mechanical performance and can be used as more reliable performance predictors than total 
pore distributions. 
Table 9. CT-Measured Volume Distribution Statistics 
Values in 1x10-4 mm3 Mean Standard Dev. Mode 
High GED 0.681 0.784 0.304 
Nominal GED 0.596 0.556 0.304 
Low GED 0.619 0.513 0.304 
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In addition to porosity size metrics, shape descriptors were considered to further 
understand the porosity contained in the analyzed samples. Compactness is one shape 
metric that can be used to classify porosity type and is the ratio of the pore volume to the 
volume of a circumscribed sphere. A spherical defect would have a percent compactness 
value of 1.0 whereas an elongated, ellipsoidal defect would have a lower compactness 









where 𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡 is the volume of the defect of interest and 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡 is the maximum diameter 
of the defect. Compactness distributions are shown below in Figure 24.  As can be seen in 
Figure 24, the high GED distribution has the highest mean value, as indicated by the red, 
vertical line. However, the high GED distribution also shows that there are a significant 
number of pores were compactness values in the range of [0, 0.125]. This indicates that a 
high percentage of pores in the high GED samples are elongated or non-normal in shape. 
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Figure 24. CT-Measured Pore Compactness Histograms with Mean Value Shown by 
Vertical Line a) High GED, n=19,542 b) Nominal GED, n=11,632 c) Low GED, n=16,436 
Sphericity is another metric that can be used to describe pore shape and specifies 
the ratio between the surface of a sphere with the same volume as the defect and the surface 









where 𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡 is the surface area of the defect and 𝑑𝑑 is the diameter of the equivalent 
sphere. Sphericity distributions for each GED condition are presented in Figure 25. This 
figure shows that the mean value of sphericity is very similar for each GED condition at 
0.548, 0.551, and 0.551. Additionally, this figure shows that these distributions are nearly 
identical across conditions. 
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Figure 25. CT-Measured Pore Sphericity Histograms with Mean Value Shown by Vertical 
Line a) High GED, n=19,542 b) Nominal GED, n=11,632 c) Low GED, n=16,436 
1.12.1.2 Pore Location Parameters 
Using CT pore location data, X-Y location was extracted for each pore based on its 
centroid. Equation 4 was used to normalize the X- and Y-locations of each defect 
 𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡 − 𝑃𝑃𝐺𝐺𝑔𝑔𝑔𝑔𝑑𝑑 𝐶𝐶𝑑𝑑𝐶𝐶𝑡𝑡𝑑𝑑𝑒𝑒 (7) 
where 𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡 and 𝑃𝑃𝐺𝐺𝑔𝑔𝑔𝑔𝑑𝑑 𝐶𝐶𝑑𝑑𝐶𝐶𝑡𝑡𝑑𝑑𝑒𝑒 are the x- or y-positional data of a pore and the gage center. 
𝑃𝑃𝐺𝐺𝑔𝑔𝑔𝑔𝑑𝑑 𝐶𝐶𝑑𝑑𝐶𝐶𝑡𝑡𝑑𝑑𝑒𝑒 was specified for each sample using the CAD model of the tensile sample 
array. Figure 26 shows normalized location maps of pores organized by GED type and 
volumetric percentile of all analyzed pores. For example, the top map in the high GED 
column shows pore location data for pores between the 0th and 25th percentile, inclusive.  
 
 53 












































































   
Figure 26. Pore location maps at uniform scaling for various percentiles for each GED 
condition. Bold bracketed numbers in leftmost column indicate percentile value. Volume 
values are shown in italics in units of 1x10-4 mm3. 
Not much information can be garnered from looking at the maps in Figure 26 
showing pores below the 75th percentile except that the distributions seem to be largely 
uniform along the x-y plane. However, a trend begins to emerge in the high GED maps 
looking at the location maps for the [75-100], [90-100], and [98.5-100] ranges. In these 
subfigures there begins to be a concentration of porosity around the edge of the sample. 
This trend becomes clearest in the [98.5-100] range in which nearly all of the pores in this 
range are on the outside edge of the sample. Quantitatively, 673, 10, and 43 pores exist in 
this range on the high, nominal, and low GED samples, respectively, highlighting how 
prevalent this trend is in the high GED samples. Figure 27 presents histograms of the 
distance to gage center of each pore shown in the corresponding subfigures of Figure 26. 
The data in this histogram was calculated using Equation 4 as with the SEM data.  
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Figure 27. Histograms of Pore Distance to Gage Center at Various Volumetric Percentile 
Ranges 
 The mean value of pore distance to gage center for the high GED subfigures of 
Figure 27 increased as pore volume increased. These mean values are presented in Table 
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10, in which this trend can be seen more clearly. Average pore distance to gage center for 
all pores is nearly the same across GED conditions at 0.349 mm, 0.343 mm, and 0.343 mm 
for high, nominal, and low GED. However, there is a significant difference when only 
considered the largest pores at 0.457 mm, 0.352 mm, 0.3535 mm for high, nominal, and 
low GED conditions.  
Table 10. Mean Value of Histograms of Pore Distance to Gage Center at Various 
Volumetric Percentile Ranges 
Percentile Range High GED Nominal GED Low GED 
All Pores: 0-100 0.349 0.343 0.343 
0-25 0.336 0.343 0.345 
25-50 0.333 0.343 0.344 
50-75 0.337 0.340 0.340 
75-100 0.381 0.346 0.346 
90-100 0.416 0.352 0.346 
98.5-100 0.457 0.352 0.353 
 To better understand the role of porosity defects, innate to the LPBF AM process, 
on 316L SS tensile performance, linear regressions were performed to correlate porosity 
metrics and mechanical performance measures of interest. Correlations were calculated 
using the linear least squares regression method, which fits a line to data points by 






where 𝐶𝐶 is the number of data points, 𝐶𝐶𝑖𝑖 is the value of the 𝐶𝐶𝑡𝑡ℎ point of the raw data, and 
𝑓𝑓(𝑥𝑥𝑖𝑖) is the value of the line of best fit at the 𝑥𝑥𝑖𝑖. This method of relationship quantification 
was chosen because it allows for comparison between the 100+ relationships examined in 
this study. More complex relational fits such as quadratic could mask relationships and 
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make it more difficult to isolate porosity characteristics that strongly influence mechanical 
behavior. Additionally, linear least squares is computationally efficient and easy to 
interpret using the coefficient of determination (COD), 𝐶𝐶2. This value makes comparison 
between relationships fair and easy to identify. COD is defined in Equation 9, Equation 10, 
and Equation 11, 
 













where 𝐶𝐶𝚤𝚤�  is the average of the 𝐶𝐶𝑖𝑖 values, 𝑆𝑆𝑡𝑡 is the total sum of squares, and 𝑆𝑆𝑒𝑒 is the 
residual sum of squares. Coefficient of determination results can be interpreted as how well 
the fit line does when compared to choosing the mean value of a distribution. In other 
words, 1.0 reflects a line that is fit perfectly to raw data and using it to estimate the value, 
𝐶𝐶𝑖𝑖,  of a data point, 𝑥𝑥𝑖𝑖, will yield exact results. A value of 0 would mean that using the fit 
line is equally good to using the mean value, 𝐶𝐶𝚤𝚤�  as the estimate, and a negative value means 
that using the line is worse than using the mean value. 
 Correlation results will be presented first using SEM inspection results followed by 
CT inspection results. Relationship results calculated using the two methods will then be 
compared to assess the relative fidelity of these methods. Two cases were considered 
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wherein: (1) the mean value of the porosity metric for a sample was calculated by averaging 
that metric for all pores in a sample and (2) mean value of the porosity metric for pores 
larger than 150 µm in diameter was used. This 150 µm threshold was chosen because it 
only considers the largest pores, which are hypothesized to have a dominating effect on 
performance. Additionally, the size of these pores makes measurements of shape and size 
less distorted by the voxelized nature of CT inspections. Additionally, stronger 
relationships that may exist between larger pores and performance are useful for 
establishing inspection parameters for eventual qualification.  
1.12.2 SEM-Correlations 
Using porosity measurement metrics gathered using quantitative SEM inspection, 
relationships were made between these porosity and tensile performance. Figure 28 shows 
COD results for the analysis considering all pores in a sample. Results are presented as a 
heatmap in which the 𝐶𝐶2 value is shown as well as represented by a color scale. In this way, 
the strongest relationships of the 114 calculated using SEM data can be easily discerned. 
As can be seen in this figure, consistently strong correlations exist between porosity metrics 
involving pore size such as area, bounding box size, major and minor diameters, and 
maximum diameter and cross-sectional area. Additionally, results in Figure 28 suggest that, 
in general, little to no correlation exists between porosity and ultimate tensile strength or 
modulus.  
Results presented in Figure 28 do suggest a relationship between porosity and ductility. 
Specifically, a relatively strong correlation of 0.40 exists between major diameter and 
ductility. Bounding box height and major elliptical diameter have similar correlation 
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strengths with ductility and UTS strain, likely due to the similarity in these characteristics. 
The difference in bounding box height vs bounding box width correlation strengths of 0.55 
vs 0.20 for UTS strain and 0.48 vs 0.19 for ductility may be indicative of a preferential 
direction porosity orientation parallel to the y-axis of the part as defined using the 
coordinate system in Figure 4, however further studies would need to be performed to 
adequately assess this effect. A relatively strong correlation of 0.59 exists between average 
pore distance to gage center and ductility. However, as mentioned before, SEM inspections 
were performed post-fracture, which means that necking was not accounted for in these 
results. Computed tomography results, taken prior to mechanical testing, will provide a 
more accurate picture of the true relationship between these two parameters. Interestingly, 
circularity, a measurement of pore shape, displays no correlation with any mechanical 
property measured. Pores in excess of the 150 µm threshold were not specifically isolated 
for correlation in the SEM dataset due to the small sample size of these datasets. Several 
samples, specifically in the nominal and low GED conditions did not have adequate 
numbers of pores in excess of this size, making correlations unreliable and thus not a fair 




Figure 28. SEM: All Pores Considered Linear Regression R2 Values Correlating Pore and 
Mechanical Properties. Colors Indicate Value Between 0.3 and 1.0 
1.12.3 CT-Correlations 
Similar to SEM-Correlation results presented in the previous sub-section, CT 
results were correlated with mechanical properties and are presented in the following 
figures as heatmaps. Figure 29 presents results of porosity metric correlations and 
mechanical properties in which all pores were used to calculate porosity metrics for each 
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sample. Using CT results, correlations are again seen with ductility. COD values in the 
range of 0.32-0.48 are similar to SEM results for various porosity metrics vs ductility. 
Porosity metrics such as probability, diameter, volume, and surface area, are all moderately 
correlated with ductility, having COD values in the aforementioned range. However, pore 
distance to gage center as measured using CT, which is done prior to mechanical testing 
and thus does not include any necking effects, has no statistical correlation with an 𝐶𝐶2 value 
of -0.02. This lack of relationship is contradictory to results observed in the SEM-
Correlations section and may indicate SEM results were altered by necking behavior. 
Shape descriptors such as compactness and sphericity have little to no correlation with 
mechanical properties other than modulus.  
Yield stress and yield strain exhibit no correlation with any porosity metrics 
measured in this study. Modulus, however, shows correlation with compactness, 
sphericity, project size y, PCA Deviation 3, and minimum PCA deviation ratio, having 
relation values of 0.35, 0.29, 0.41, 0.37, and 0.39, respectively. Shape descriptors such as 
compactness and sphericity have little to no correlation with mechanical properties other 
than modulus and are thus generally poor predicators of material behavior. This is 
consistent with SEM results, which also indicated little to no relationship between pore 
shape and tensile performance. 
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Figure 29. CT: All Pores Considered Linear Regression R2 Values Correlating Pore and 
Mechanical Properties. Colors Indicate Value Between 0.3 and 1.0 
Despite relationships existing between porosity metrics and mechanical properties 
when considering all detected pores, relationships are relatively weak and thus not 
particularly useful for serving as inspection criterion, having a maximum COD of 0.53 for 
volume vs strain at UTS. With such low CODs, these relationships provide relatively little 
value for predicting the performance of a part on the basis of porosity descriptors. 
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However, consideration of only pores > 150 µm in diameter produces significantly stronger 
COD values. These relationships are presented in Figure 30 while improvements measured 
as differences between the two cases are presented in Figure 31. Figure 32 presents the 
percent decrease in mechanical property as a function of porosity characteristic.Furtherore,  
This value was calculated by dividing the range of mechanical performance values 
obtained using the fitted trend line by the highest mechanical performance value. Strong 
relationships are presented in this figure, however consideration of the correlation strength 
presented in Figure 30 and Figure 31 is needed to properly interpret this figure. 
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Figure 30. CT: Pores > 150 µm in Diameter Considered Linear Regression R2 Values 
Correlating Pore and Mechanical Properties. Colors Indicate Value Between 0.3 and 1.0 
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Figure 31. CT: R2 Improvement When Considering Only Pores > 150 µm in Diameter 
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Figure 32. CT: Percent Range in Mechanical Property Calculated Using Pores > 150 µm 
in Diameter Trend Lines. 
As shown above, consideration of only the largest pores in a sample, those over 150 
µm in diameter, serves as a significantly better predictor of performance than does 
consideration of all pores. In general, relationships that were already strong were shown as 
strengthened by using this method. Specifically, probability as well as size descriptors such 
as diameter, volume, surface area, and projected size, increased significantly for ductility 
and strain at UTS. Pore volume continues to be one of the best indicators for strain at UTS 
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and ductility performance, having COD values of 0.79 and 0.66, respectively. Probability 
gives similar COD values for these performance metrics at 0.76 and 0.69. However, 
probability (as reported here) is calculated using a proprietary algorithm on an undefined 
scale and is thus more difficult to understand or transfer to other systems. Additionally, 
pore volume provides better prediction of performance.  
Figure 32 shows that nearly all correlations observed between pores and mechanical 
properties is one of decreasing mechanical property with increasing porosity characteristic. 
Most useful from this chart is that probability and volume, two of the best identified 
predictors of tensile behavior in this study, show decreases of strain at UTS and ductility 
properties of 23-30%. The significant decreases in performance are indicative of the 
severity of the effects of porosity on mechanical performance. 
1.13 Discussion of Results 
The data presented in this study provide promising results for the future of additively 
manufactured 316L stainless steel components subject to tensile loading conditions, 
specifically concerning the establishment of qualification metrics and inspection 
thresholds. The focus of this section will be: 1) trends regarding the existence of keyhole 
porosity and its relationship with global energy density and 2) porosity metric correlations 
with tensile performance and their implications for qualification inspections. Additionally, 
the results in this study will be compared to those of previous studies. 
1.13.1 Keyhole Porosity 
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Location maps generated from computed tomography data shown in Figure 26 
highlight trends relating pore volume and location. From the subfigures showing location 
of pores in the [90-100] and [98.5-100] ranges of volumetric percentiles, it is clear that the 
largest pores tend to form around the sample edges. It is hypothesized that the cause of the 
significant increase in distance to gage center of the largest pores is due to the path of the 
laser during part buildup. It is well-established that the likelihood of keyhole porosity 
formation is increased due to excessive energy input in LPBF AM and similar processes 
such as laser welding [28–30]. It is plausible that the raster pattern used in the printing of 
the samples of interest resulted in non-uniform energy density input, specifically a 
localized increase in spatial energy density around the edge of the samples. The 
instantaneous zero-velocity of the laser as it reverses directions at the edges of samples 
causes a spike in local energy density, resulting in conditions ideal for the formation of 
keyhole porosity. Based on these results, it seems that even higher GED input would result 
in keyhole porosity forming not only at the edges of samples but in the center of these 
samples as well, resulting in further reduction of tensile properties. Figure 33 presents 
images of the same keyhole pore at different magnifications as seen from the processed CT 
volume. These images highlight both the location of the pore as close to the edge of the 









Figure 33. Example of keyhole porosity in high GED sample showing non-spherical shape 
and distance from center shown at different magnifications. 
While low sphericity is not an absolute indicator of keyhole porosity, as keyhole 
porosity can be shaped anywhere between a sphere and a “keyhole” shape and lack of 
fusion pores tend to be severely non-spherical, keyhole porosity tends to be less spherical 
when energy input is too high. Results in this study have been found to be in confirmation 
of this trend, in which sphericity values decrease as energy density increases, specifically 
in the highest-volume pores, which are those hypothesized to be keyhole pores.  
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However, it is important to note that gas porosity, formed by entrapped gas, typically 
takes on a highly spherical shape. This could be a reason why, as shown in Table 11, 
porosity values are highest in the smallest pores and lowest in the largest pores. It is 
hypothesized that the combination of non-spherical keyhole porosity and spherical gas 
porosity are both contributing to this trend. 
Table 11. Sphericity Values by Porosity Volumetric Percentile Range 
Percentile Range High GED Nominal GED Low GED 
All Pores: 0-100 0.550 0.533 0.555 
0-25 0.596 0.578 0.595 
25-50 0.579 0.556 0.578 
50-75 0.550 0.529 0.548 
75-100 0.489 0.466 0.487 
90-100 0.466 0.429 0.449 
98.5-100 0.468 0.425 0.453 
1.13.2 Defect-Property Relationships 
Correlation results shown above have significant implications for the use of CT 
inspection and other non-destructive evaluation methods in the inspection and qualification 
of additively manufactured 316L SS components. Firstly, it can be concluded that 
quantitative SEM inspection provided useful data on the relationships between porosity 
and tensile performance. These results demonstrated that relationships exist between 
porosity metrics, particularly size and location, and the tensile performance metrics of UTS 
strain and ductility. However, it should be noted that quantitative SEM inspections are 
limited due to the nature of inspections occurring post-fracture and therefore not being 
practical for real inspection applications. Additionally, SEM results are hampered by the 
necking phenomena occurring during tensile failure, which evolve the porosity 
characteristics due to deformation. The material used in this study is particularly ductile, 
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having elongation to failure strains in excess of 70%, in which necking reduction in area is 
significant. Thus, SEM results are useful for understanding and elucidating the defect-
property relationships for AM 316L SS, but not as an inspection tool. 
While SEM can provide very high-resolution inspection of fracture surfaces, CT is a 
non-destructive method and can thus be used prior to commissioning a part for service and 
is an inspection tool that can be used in real scenarios for component inspection and 
qualification. The necking phenomena observed in the SEM results does not exist in the 
CT results, making CT a much better tool for this type of study. The present CT-based 
results revealed moderate correlation between pore size metrics and tensile performance 
when considering all pores in an inspection with coefficient of determination values of the 
strongest relationships around 0.3-0.5. However, upon refinement of porosity assessment 
by only considering pores > 150 µm in diameter, the coefficient of determination values 
between porosity metrics and tensile properties were drastically improved and, in some 
cases, revealed, as in the distance to center porosity metric that improved from a COD 
value of 0.00 to 0.49 for its relationship with modulus. Additionally, porosity size metrics 
improved from ~0.5 to up to 0.79. This increase in COD improves the reliability of using 
porosity descriptors as performance predictors significantly. This increase in prediction 
reliability means that using CT for porosity inspection could be a feasible inspection 
method for components subject to tensile loading. The improved correlation results, shown 
in Figure 31, have two main implications for the qualification of additively manufactured 
316L. 1) porosity inspections can be used as predictors of tensile performance and 2) 
adequate inspections can be performed using relatively low-resolution inspection methods. 
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 Porosity has long been suspected to be detrimental to tensile performance. 
However, relatively few studies have attempted to quantify its effects with any real success. 
The results presented in this study indicate that porosity can be used as one metric of part 
qualification. This is significant for the AM community because the understanding of the 
relationship between porosity and tensile performance means that parts can begin to be 
qualified for use without testing many specific components to establish inspection metrics 
on a component-by-component basis. 
 Perhaps the most significant impact of the results presented above are that only the 
largest pores in a sample need to be considered for performance predictions. The feasibility 
of low-resolution inspection methods for performance predictions means that computed 
tomography inspections do not need to be research-grade systems because they only need 
to detect relatively large pores at approximately 150 µm and larger. Additionally, the 
advantage of only needing to detect large pores means that the probability of detection 
(POD) significantly increases. This means that the confidence in inspection results of both 
whether a pore truly exists as well as its characteristics will be very high. Furthermore, it 
is plausible to think that with only relatively large pores needing to be detected, 
nondestructive inspection methods other than computed tomography may be adequate. 
Ultrasonics has potential in this area with adequately low-surface roughness components 
however, it is likely that radiography will remain the preferred inspection method. The 
present results indicate that: 1) only large pores need to be detected and 2) shape of porosity 
is relatively insignificant in impact on performance. Thus, digital radiography (DR), which 
is the acquisition of two-dimensional x-ray radiographs/projections, may be sufficient for 
detecting whether pores exist which exceed an inspection threshold. The acquisition of one 
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or only a few radiographs would drastically decrease the time and cost associated with 
inspection of parts as compared to CT, which requires hundreds to thousands of 
radiographs to be taken as well as costly analysis software and highly-skilled and expensive 
analysts. Decrease in inspection time could decrease from several hours to several minutes 
if projections could be used for full inspections. At minimum, DR may be adequate as an 
initial inspection step that could be used to flag components that are near the qualification 
threshold for more in-depth CT inspection. 
 Important to the analysis of the results presented in this study is that the samples 
used were very small, thin components of 1 mm2 cross-sectional area. With that in mind, 
one must qualify the conclusions drawn in this section that these trends in defect-property 
relationships have only been demonstrated for these small components. In these samples, 
defects were relatively large in comparison to the size of the stressed area. Thus, it is 
probable that these trends do not continue or are different in parts of larger stressed areas 
in which the defect-to-stressed-area size ratio is significantly less. However, with the 
advantages offered by additive manufacturing in terms of part complexity, it will become 
increasingly common for parts, such as lattice structures, to be printed with very small 
features comparable in size to samples tested in this study. 
 Results presented in this study are consistent with other studies such as that by 
Madison et al. [55] and Kramer et al. [20] in the conclusion that porosity impacts tensile 
performance of additively manufactured components. Ref. [55], investigating 17-4PH 
stainless steel, found that maximum COD values of approximately 0.50 exist for 
correlation of porosity characteristics and tensile performance. These results, despite being 
performed on a different material system, are very similar to results in this study. The 
 74 
present study, however, found that consideration of only the largest pores can be 
significantly improve the COD values of these relationships. Ref. [20], investigating 316L 
SS, found that voids encourage cracks to initiate grow more quickly and that fracture path 
was affected by porosity. The early initiation of cracks by large voids is consistent with the 
low elongation properties seen in the samples of the present study. This study did not 
investigate the strength of these relationships should COD analysis, but concluded that an 
obvious relationship between voids and mechanical behavior remained elusive. The similar 
conclusions of the present study to other studies lends legitimacy to the correlations 
presented here and provides further understanding of the reasons for low elongation values 




CONCLUSIONS AND FUTURE WORK 
1.14 Study Overview 
The present work was focused on developing an understanding of the role of 
internal porosity defects created by variations in spatial energy distributions on global 
tensile performance of 316L SS samples. Currently, there is a significant lack of 
understanding of this relationship for the broad range of engineering alloys of interest 
to metal additive manufacturing. This thesis developed an improved understanding of 
this relationship and is useful for the development of inspection standards critical for 
critical parts such as those in aerospace and defense.  
For this study, tensile samples were manufactured using a laser powder bed fusion 
system in three different builds at three different energy densities. The samples, 
attached on a plate to form an array of tensile samples, were inspected using an x-ray 
computed tomography system. Using this this inspection method, three-dimensional 
porosity data were extracted. Following tensile testing of the samples using an 
automated, high-throughput tensile testing system, the resulting fracture surfaces were 
inspected using scanning electron microscopy. Quantitative techniques were used to 
extract metrics regarding porosity seen on the fracture surfaces. Using information 
extracted from both CT and SEM inspections, porosity characteristics were correlated 





Using thorough, quantitative, and comprehensive inspection and analysis techniques, 
additively manufactured 316L stainless steel global tensile properties were correlated with 
quantitative porosity descriptors. Correlation matrices such as those in Figure 30 were used 
to directly identify the strength of relationships between porosity characteristics and 
intrinsic mechanical properties. By determining the strength of these trends, confidence 
levels for part inspection can be established based on how well a porosity characteristic is 
correlated with global tensile behavior. The major conclusions of this study are: 
1. The largest pores in a sample have the largest impact on global tensile 
behavior. 
2. Volume is the most significant porosity characteristic, of those investigated, 
that is correlated with tensile behavior. 
3. Ductility and strain at ultimate tensile strength are significantly negatively 
impacted by porosity. 
4. Elastic modulus is minorly affected by porosity. 
5. Pore shape has little effect on tensile properties. 
The first of these conclusions, that the largest pores have the largest impact on tensile 
behavior, was shown predominantly through the significant improvement in coefficient of 
determination values between CT-measured porosity characteristics and mechanical 
properties when only pores larger than 150 µm in diameter were considered. This 
conclusion is promising for the development of qualification standards because the largest 
pores will be the pores with the highest probability of detection. This high POD means that 
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inspectors will be able to achieve high levels of confidence in their inspection of these 
parts. Additionally, it opens up the potential of using alternative inspection methods 
besides CT such as simple DR. CT porosity data compared with tensile behavior 
demonstrated that volume is the most reliable predictor of the defect-property relationship. 
High reliability as a predictor is important because it increases confidence in the decision 
to accept or reject a part. High confidence in inspections will help minimize the number of 
parts rejected. Additionally, volume is a relatively simple porosity metric that simplifies 
inspection. 
Both ductility and strain at UTS were shown to be negatively impacted by porosity, 
as measured by volume and other characteristics. This is important because 316L SS is 
often chosen for its ductile material response. Understanding of the relationship between 
porosity and performance can help inform decisions when designing a component or 
selecting a material. Elastic modulus was shown to be fairly constant across all GED 
conditions and only moderately correlated with porosity characteristics, making it 
unsuitable for performing inspections. This is consistent with the findings of others and 
shows that porosity needs relatively little consideration when designing components that 
will only experience elastic loading conditions. Lastly, little to no correlation was seen 
between pore shape and global tensile performance. It is suspected that pore shape may 
have impact on local tensile behavior or under fatigue loading conditions where defect 





The contributions of this study center around the thoroughness of inspections, 
number of samples inspected and tested, and the number of relationships analyzed. This 
thoroughness as well as inspection detail allowed for the accurate assessment of porosity 
characteristics, particularly those such as size and shape which are heavily influenced by 
inspection resolution. Specifically, this study investigated the effects of only the largest 
pores and found that these pores had a dominating effect on global tensile performance. 
This conclusion contributes to the cumulative knowledge of the effects of porosity on 
additively manufactured 316L SS. Additionally, this finding can aid in the speed of 
development of inspection standards as well as their reliability. The usefulness of 
establishing thresholds allows for inspectors to have confidence that only pores above this 
threshold need to be detected to predict material properties. 
1.17 Limitations 
Limitations of this study center around the variety of factors that may have skewed 
the true relationships between porosity characteristics and measured mechanical properties. 
Important to interpreting and understanding the work presented in this document is the 
distinction between correlation and causation. This work presents correlations between 
porosity characteristics and global mechanical properties, which is valuable for 
understanding these relationships and predicting performance based on porosity 
inspections. However, there are many variables influencing mechanical properties besides 
porosity and thus it is difficult to isolate any one variable as the true cause. These other 
variables predominantly include microstructure, surface roughness, and surface defects. It 
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has been shown that variations in energy density can result in different microstructural and 
surface roughness characteristics. Thus, the direct relationship between porosity, which is 
controlled via energy density, and mechanical properties cannot be entirely isolated due to 
the number of variables associated with GED. Consequently, the data presented in this 
thesis needs to be carefully interpreted so as not to draw conclusions that porosity 
characteristics are the sole cause or causes of deterioration in global tensile performance.  
Other limitations include the resolution attained in CT scans. Due to the discrete 
nature of CT scans, interpolation must be performed to determine porosity characteristics, 
and errors associated with this are particularly prevalent in morphological characteristics. 
Increased resolution would additionally provide information on pores that are below the 
detection threshold of the current system. However, it is anticipated that these smaller pores 
would have shown relatively little effect on performance given the conclusions of this 
study. 
1.18 Future Work 
Although this document presents results that improve the understanding of the defect-
property relationship in AM 316L SS, there is significant work that remains before this 
relationship is fully understood. One major question in the AM research field is the 
scalability of defect influence. In other words, do pores have the same relationships shown 
in this study when part size increases? Additionally, what is the threshold at which pores 
do not need to be considered for prediction of global mechanical performance? What other 
factors are influencing mechanical properties that are not being properly removed from 
experimentation or accounted for in analysis? 
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In order to more thoroughly understand the role of porosity in mechanical performance, 
variables such as surface roughness or microstructure variations, both inter- and intra-part, 
need to be either eliminated or accounted for. An example of such a study involves 
machining or grinding samples to achieve a uniform desired surface roughness. 
Furthermore, heat treatments could be performed to normalize microstructure across all 
samples. These steps would allow for further isolation of porosity as a study’s independent 
variable and provide clearer insight into the relationship between porosity and global 
mechanical performance. 
Overall, there is a significant amount of work that still needs to be performed before 
qualification standards can be written for AM components. However, this paper provided 
valuable insight into the defect-property relationship in AM 316L SS through the 
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